Abstract We studied diatoms in a 55.5-cm-long sediment core from a subalpine lake in northern Taiwan, Tsuifong Lake (TFL), to investigate environmental changes from AD 490 to present. Diatom assemblages of the last century were dominated by acidophilous species, whereas alkaliphilous taxa dominated the record between AD 1480 and 1910. Over the studied time frame, four decadal periods with high precipitation were inferred from evidence of elevated soil input from the watershed, supported by the stable isotope signatures (d 15 N, d 13 C) of organic matter and magnetic susceptibility of the sediments. We compared the inferred changes in pH of TFL to values obtained from three other Taiwanese subalpine lakes. The present study revealed that elevated precipitation was associated with increased solar irradiance over the last five centuries, with a stable dry period between AD 490 and 1450. Acidification of TFL in the last *100 years was a consequence of deforestation and acid rain.
Introduction
The Little Ice Age (LIA) was a multi-century climate anomaly that occurred between the fifteenth and nineteenth centuries and is observed as having been cold and dry in most paleoclimate reconstructions from the Northern Hemisphere (Grove 1988; Bradley and Jonest 1993) . During that period, there was global glacial expansion and enhanced polar atmospheric circulation. The conventional view of a dry and cold climate during the LIA, however, is based largely on data from Western Europe and elsewhere in the North Atlantic region. This view has been challenged by findings of increased rainfall during the LIA in southern Norway (Nesje and Dahl 2003; Rasmussen et al. 2010) , northern Patagonia, South America (Villalba 1994) , southwest China (Chen et al. 2005) , southern tropical China (Chu et al. 2002) and northern Taiwan (Chen et al. 2009; Wang et al. 2011) . Such spatial variations in precipitation reflect the regional characteristics of climate, such as the East Asia monsoon. To improve understanding of the East Asia monsoon and global hydrology during the LIA, data from numerous sites are required.
Diatoms are sensitive indicators of changes in aquatic environments and have been used widely for inferring paleoenvironmental characteristics such as past temperature, pH, salinity, and nutrient concentrations (Stoermer and Smol 1999; Smol et al. 2001; Wu et al. 2001) . Even extreme events such as floods and earthquakes can be identified using diatoms (Nelson et al. 1996; Kashima 2003; Atwater et al. 2004; Borromei et al. 2010; Schütt et al. 2010; Wiklund et al. 2010; Saegusa et al. 2011) . Some environmental variables can be estimated quantitatively using diatom-based transfer functions (Shinneman et al. 2009 (Shinneman et al. , 2010 .
Taiwan is located in a subtropical region, close to the boundary between the Pacific Ocean and Eurasia, and is strongly affected by monsoonal climate and summer typhoons. There are few inferred rainfall records for the Taiwan area that cover the last millennium. A few recent studies of lake sediments, however, provide some basic information on paleoclimate for this area (Wu et al. 1997; Lin et al. 2003 Lin et al. , 2004 Lin et al. , 2007 Chen et al. 2009) . For this investigation, we conducted a paleolimnological study of Tsuifong Lake (TFL), involving analysis of diatoms, geochemistry and magnetic susceptibility (MS). The goal of this study was to obtain a high-resolution record of paleoclimate change in the region during the late Holocene. We focused on reconstructing paleoprecipitation in northeastern Taiwan during the last millennium.
Study site
Tsuifong Lake (24°30 0 N, 121°36 0 E) is the largest subalpine lake in northern Taiwan (Fig. 1) . The water body extends NNW to SSE, and the southeast basin is somewhat larger and deeper than the northwest basin.
The lake lies at an elevation of 1,840 m above sea level (a.s.l.) and is surrounded by yellow cypress forest composed of Chamaecyparis formosensis and C. obtusa var. formosana. The bedrock surrounding the lake is gray-black slate, with some thick layers of metamorphic sandstone and conglomerate (Integrated Geological Data Inquiry System, Central Geological Survey, MOEA, Taiwan).
The weather station nearest TFL, Taipingsan Weather Station (24°30 0 N, 121°31 0 E, 1,810 m a.s.l.), reports a mean annual temperature of 12.4°C from data collected between 1996 and 2010. Mean January temperature is 6.1°C and mean July temperature is 17.8°C. Annual precipitation is 362 mm, with a range of 117-788 mm, and precipitation occurs primarily during the subtropical monsoon season, between July and October (Fig. 2) .
The smaller NW basin of TFL is a seepage basin (Fig. 1) . Its principal sources of water are direct precipitation and runoff, supplemented by groundwater from the small drainage area (Mao 2006) . The maximum depth of TFL varies with the seasons, being *3 m in the dry season (January to April) and *7 m in the wet season (July to October). The depth may increase to 15 m as a consequence of flooding during typhoon events, when summer storms bring heavy rainfall within a short time period.
Lake surface waters are acidic (pH 5.6-6.7) in the dry season and slightly alkaline (pH 7.0-7.5) in the wet season. Bottom waters are acidic year-round (pH 5.8 at depth 4.7 m) (Mao 2006) . Today, TFL is oligotrophic to mesotrophic. Lin (1996) documented deforestation for timber harvest between AD 1926 and 1982. There is no record of human disturbance in the watershed prior to that period.
Materials and methods
A 55.5-cm-long sediment core, TF-2, was taken from a boat in the southeastern part of TFL by pushing a 6-cm-diameter plastic pipe into the sediments (Fig. 1) . The core was kept upright and stored in a dark, cold room (4°C) before it was subsampled at 0.5-cm intervals in the laboratory. The lithology of the core is composed of fine-grained clay, without apparent laminations.
Samples in the upper 15 cm were evaluated for total 210 Pb activity at 0.5-cm intervals by measurement of its granddaughter 210 Po, using a-spectrometry. Samples were counted for periods of 2-3 days, depending on the activity of 210 Po in the samples. 210 Pb dates were calculated using the constant rate of supply model (Binford 1990) . Four plant fragments were dated by AMS 14 C at the laboratory of the Institute of Geological and Nuclear Sciences, New Zealand. Dates were calibrated using the program Calib 5.1 and the calibration curve IntCal04 (Reimer et al. 2004; Stuiver et al. 2005) . Age/depth relations for the core were constructed by linear interpolation between dated depths below the basal 210 Pb date (Fig. 3 ). Samples were prepared for diatom analysis according to methods described by Kashima (2003) . Samples were treated with H 2 O 2 to remove organic matter. Diatoms were mounted using Wako mounting media. At least 300 diatom valves were identified and counted in each sample using optical microscopy at 1,0009 magnification. The identification of diatom species was based on references including Wang et al. (2010) , (1) and its topography (right), showing the TF-2 core sampling site (solid circle). Locations of subalpine lakes Duck Pond (2), Yuanyang Lake (3), and Great Ghost Lake (4), for which paleolimnological data are also available Wang (2002, 2009 ) and Krammer and LangeBertalot (1986) . Ecological interpretation and pH preferences for each species were adopted from Charles (1985) , Van Dam et al. (1994) , Wu et al. (1997) , and Chen and Wu (1999) . Bio-stratigraphic diagrams and cluster analysis were conducted using C2 software (Juggins 2007) , TILIA, and TILIA-GRAPH programs (Grimm 1993) .
Ordination analysis, a numerical technique applied to community data for detecting changes in the dynamics, structure and function of ecosystems, was used to extract important variables, such as temperature, water quality, and nutrients, that correlated with the distribution of diatom species. The ordination analysis was performed using CANOCO version 4.5 (ter Braak and Smilauer 2002).
Subsequently, the main factors controlling the diatom composition in TFL were determined by a linear ordination method, principal component analysis (PCA), to acquire environmental information from diatom assemblages. Only those species with an average abundance [5 % were included in the analysis. Diatom data were scaled on inter-species correlation and the species scores were divided by the standard deviation. Species data were not transformed or centered by species without standardization.
In this study, diatom-based transfer functions (DITF) from the European Diatom Database Initiative (EDDI) were used to infer pH. Validation of this approach was done before proceeding. Results showed that *75-90 % of taxa in TFL sediment samples matched those in the EDDI training set (web verification program, http://craticula.ncl.ac.uk/Eddi/jsp/ verify.jsp). This satisfied the criterion of [75 % suggested by Birks (1998) and indicated that the DITF of the EDDI was applicable to TFL, similar to its application in eastern China (Li et al. 2010) . Next, estimates of diatom-inferred pH were made using transfer functions derived from the web-based European Diatom Database system (EDDI) (Juggins 2001; Gil-Romera et al. 2009 ). To achieve this, EDDI transfer functions for pH reconstruction were developed using weighted averaging (WA), weighted averaging partial least squares (WAPLS; only for DI-pH), modern analog techniques (MAT), and locally-weighted weighted averaging (LWWA). Before using these methods, a test of their suitability for TFL was done. All exhibited similar trends in the TFL samples. The data inferred using LWWA, however, displayed the lowest root mean square error RMSE (0.38), indicating it was more reliable than the others (Juggins 2001; Li et al. 2010) . Moreover, the LWWA-based DI-pH for surface sediment samples (average = 5.89) was close to the measured value for modern lake waters (mean = 5.86, 2008-2010) . Thus, the LWWA method was used for pH inference in TFL.
We made inter-site comparisons of the DI-pH data between TFL and Duck Pond (25°10 0 N, 121°33 0 E, 760 m a.s.l.), northern Taiwan (Chen et al. 2009 ), Yuanyang Lake (24°35 0 N, 121°24 0 E, 1,670 m a.s.l.), northeastern Taiwan (Chen and Wu 1999) , and Great Ghost Lake (22°52 0 N, 120°51 0 E, 2,200 m a.s.l.), southern Taiwan (Wu et al. 1997) .
Samples for geochemical analysis were weighed and freeze-dried. Dried samples were ground and acidified to remove carbonate. Samples were then packed in tin capsules and combusted in an elemental analyzer connected to a Thermo DELTA V isotope ratio mass spectrometer. Measures of TOC, TN, d
13 C and d 15 N were obtained simultaneously on each sample. Carbon isotope ratios are presented using standard d notation with respect to PDB, and d 15 N are expressed relative to the air standard. MS was determined using a Bartington MS2C at intervals of 0.5 cm.
Results

Chronology
Dating results are given in Table 1 
Diatom analysis
A total of 54 diatom species was recorded in the studied TFL sediment core. They are the same taxa found in the surface sediment (data not shown), indicating that there was little change in taxa present over last 1,500 years. The verification program of the EDDI website showed that [75 % of the taxa that occurred in the TFL core are found in the EDDI dataset.
Using the pH preference of taxa, three main groups were identified, namely alkaliphilous (Achnanthidium minutissimum, Encyonopsis microcephala, Staurosira elliptica), circum-neutral (Eunotia praerupta, Gomphonema gracile, Navicula lanceolata), and acidophilous (Aulacoseira distans, Eunotia bilunaris var. mucophila, E. paludosa, Frustulia rhomboides var. crassinervia, Neidium alpinum, N. ampliatum, Pinnularia gibba, P. microstauron, Surirella linearis). Applying cluster analysis to the diatom assemblages, two main diatom zones were differentiated. Diatom zone I consisted of two sub-zones, whereas zone II consisted of three sub-zones (Fig. 4) .
In diatom zone Ia (55.5-43.5 cm, AD 490-1110), the acidophilous species A. distans was dominant (42-76 %). The circum-neutral species N. lanceolata was common during the early period, but was replaced by another circum-neutral species in the latter period. Few alkaliphilous species were present throughout this zone.
In diatom zone Ib (43.5-28 cm, AD 1110-1470), the acidophilous species, A. distans, was present in high relative abundance (45-79 %), whereas the abundance of both the circum-neutral and alkaliphilous species increased slightly at 35 cm (ca. AD 1350).
In diatom zone IIa (28-19 cm, AD 1470-1640), A. distans was replaced by the alkaliphilous species E. microcephala, in association with an increase in circum-neutral species. In diatom zone IIb (19-6 cm, AD 1640 -1910 , the remarkable succession between A. distans and E. microcephala occurred again. In diatom zone IIc (6-0 cm, AD 1910 to present), A. distans was again dominant. Additionally, the circum-neutral and alkaliphilous species increased slightly in the uppermost 2 cm.
Geochemical analysis
Results of the geochemical analysis and MS are presented in Fig. 5 . TOC fluctuated between 1.0 and 4.0 % (mean = 3.0 %), while TN varied between 0.1 and 0.4 % (mean = 0.3 %) throughout the core. Both values declined significantly in diatom zone IIc and were higher near the sediment surface, displaying similar stratigraphic fluctuations. The C/N ratio ranged between 6.8 and 13.3 (mean = 11.0), being higher in the upper part of zone IIa and lower in zone IIc.
In zone Ia, the d 13 C values were as low as -27 %, whereas they increased near the end of IIa and were low toward the beginning of zone Ib. Throughout zone Ib, d
13 C values fluctuated slightly, between -26.2 and 27.0 %. In zone IIa, the values fluctuated more and Reimer et al. (2004) . 0 cal BP = 1950 AD Fig. 4 Sediment profiles of dominant acidophilous, circumneutral, and alkaliphilous diatoms in TFL exhibited an increase toward IIb, in which they were higher than in other zones and changed only slightly, between 26.5 and -25.7 %. In zone IIc, the values declined and fluctuated near the sediment surface. The d 15 N values in the sediments ranged between 1.6 and 3.1 % (mean = 2.5 %), being higher in diatom zones Ia and Ib and lower in zones IIa, IIb and IIc.
MS values ranged from 4.1 to 1.6 (mean = 2.6) throughout the core. The values in diatom zone I were lower than in zone IIa. The MS values showed little change in diatom zone IIb, were elevated in zone IIc, and decreased in the upper part toward the sediment surface (Fig. 5) .
Principal component analysis and diatom-inferred pH
Ordination analysis was used to extract important variables that correlated with the distribution of diatom species. Before the analysis, an indirect ordination approach, i.e. detrended correspondence analysis (DCA), was used to determine whether a linear or a unimodal model was most suitable for our study. Results indicated that the gradient length was 1.6 (\ 2.0 standard deviations), suggesting that a linear model was appropriate for the diatom assemblages in TFL.
PCA was conducted to identify the factors controlling diatom community composition. The summary of PCA results and the environmental meaning of the selected diatom species (Table 2) indicated that PC1 explained 84 % of the variability, while the acidophilous diatom A. distans had the lowest values, suggesting negative correlation between PC1 and pH. Figure 6 shows the plots of sediment samples for the PC1 axis and PC2 axis in the PCA analysis. Samples from zones Ia and Ib had negative values for PC1. By contrast, most of the samples from zones IIa, IIb, and IIc had positive values for PC1.
Values of DI-pH throughout the core are shown in Fig. 7 . The DI-pH ranged from 5.4 to 6.8 (mean = 5.8) and exhibited a change pattern similar to PC1. Over zone Ia and Ib, the DI-pH fluctuated slightly around 5.5, after which it increased remarkably from IIa to IIb. Close to the sediment surface, namely in IIc, the DI-pH values decreased to about 5.8 and changed little.
Discussion
Aulacoseira distans was the predominant taxon throughout the core. This species is planktonic in shallow waters \4 m deep, but can be classified as a (Brugam et al. 1998; Moos et al. 2005) . In diatom zone II, the dominance of this species declined to some degree, associated with an increase in the subdominant species, E. microcephala, which occupies epilithic or epiphytic habitats. Dominance of one or the other species implies there was a change in water depth from zone I to zone II. Our observations of the contemporary lake water showed that the water level of TFL changes rapidly. It is high (5-8 m deep) during the monsoon season and low (\4 m) during the dry season. Thus, the change in habitat availability was probably related to the amount of precipitation.
TFL is an inland lake with no surface outlet and possesses a yellow cypress forest in its watershed. The pH of the lake surface water is directly related to precipitation. Our field measurements show the pH of lake water is higher during the rainy season. The pH of the lake surface water is lower in the dry season (pH 4.5-5.5) and slightly alkaline (pH 7.0-7.3) in the wet season. The pH of precipitation (5.0-6.5) is intermediate. Thus, other factors must influence lake pH.
TFL is an oligotrophic to mesotrophic lake, with relatively high chlorophyll a content in the wet season. Greater photosynthetic activity of algae in the wet season, i.e. withdrawal of CO 2 , raises the pH of the water. Thus, higher pH in the wet season reflects the combined effects of amount of precipitation and groundwater and photosynthetic activity of phytoplankton. Higher productivity, inferred from chlorophyll a content, was measured in wet seasons during our recent study of TFL. Thus, amount of precipitation serves as an index of pH in this lake.
Prior to AD 500 (diatom zone I), there was no contribution to acid rain from anthropogenic sources or any remarkable natural events that would have affected the pH of precipitation. Thus, low DI-pH at that time was likely a result of low precipitation. Over the time span from diatom zone Ib to IIb, there was a gradual increase in DI-pH, which indicates greater precipitation. Throughout the entire core, there were four decadal periods with apparently higher precipitation, beginning ca. AD 1660 , 1730 , 1820 and 1920 .
Synchronous increases in DI-pH, MS and d 13 C, along with a decline in d 15 N in diatom zone II, probably indicate intense erosion and increased soil input from the watershed, suggesting events of high rainfall. Soils are thought to be the primary source of organic matter in the sediment (Kao and Liu 2000) . A t test on d 13 C and d 15 N values revealed a significant difference between zones Ib and IIb (p \ 0.001), indicating differences in organic matter input between these two time periods. All lines of evidence point to a change in precipitation amount over the studied period of time (Fig. 8) .
Since AD 1920, there has been a decline in DI-pH, suggesting acidification of this lake. A number of alpine lakes have become acidified since AD 1900 (Chen et al. 2004) . Furthermore, historic documents indicate that there has been deforestation of the mountains near TFL since AD 1906 (Lin 1996) . This activity caused the declines in TOC and N content and the increase in MS values in the lake sediments (Fig. 5) . Thus, the declining pH of TFL in the last century may have been a consequence of both increased input of acid deposition and forest removal in the basin.
The East Asia Monsoon has been weak since AD 350, as reflected in the drier climate in the middle and high latitudes in China Cosford et al. 2008; Hu et al. 2008) . Precipitation in the East Asia monsoon region, however, varied spatially and temporally during the LIA. A synthesis of 1,500 years of historical records in China indicated there were 16 droughts and 18 floods during the LIA, far more than during other periods. Furthermore, the droughts and floods occurred non-synchronously across latitudes, reflecting local differences (Zheng et al. 2006 ). Comparison of DI-pH data from four Taiwanese alpine lakes shows that there was inter-site variation in inferred acidity over the LIA (Fig. 9) . In Duck Pond, northern Taiwan, DI-pH was high in the early LIA and declined after AD 1680. These changes were related to relatively higher and lower precipitation, respectively (Chen et al. 2009 ). In Yuanyang Lake, the input of acid runoff from the watershed was related to the magnitude of precipitation . Thus, increased acidity inferred after AD 1410 and 1680 could have been a consequence of increased precipitation in the late LIA (Chen and Wu 1999) . In southern Taiwan, the geochemical records of Great Ghost Lake indicated that the climate was cool and dry (Lou et al. 1997) , though values of DI-pH fluctuated to some degree in the LIA period. Despite regional variability in DI-pH through the LIA, DI-pH in these four Taiwanese lakes shows a synchronous decline since ca. AD 1900, suggesting widespread lake acidification in Taiwan during the last century. Yao et al. (2000) suggested that the seventeenth century was the coldest period of the LIA in western China, according to d
18 O values from the Dunde ice core in the Qilian Mountains. Wet climate was inferred for the period AD 1330-1850 in the Yangtze River region of eastern China, from a decline in the palynological aridity index (Yi et al. 2006 ). According to historical weather records from northern Japan, the cold phases of the LIA occurred during AD 1611-1650, 1691-1720 and 1821-1850 (Maejima and Tagami 1983) . These cold periods correspond well with the increased precipitation events inferred from TFL in the present study. In the European region, the climax of the LIA occurred in AD 1650-1750, related to an abnormal solar event, the so-called Maunder Minimum (Bond et al. 2001) .
Solar variability is one of the driving forces of climate change and affects both the Asian and Indian monsoons at decadal to multi-decadal timescales (Neff et al. 2001; Mehta and Lau 1997; Wang et al. 2005) . In Taiwan, total annual precipitation is highly correlated with monsoon rainfall. In the northeastern part of Taiwan, most precipitation is contributed by summer typhoons (July and August) and late-season typhoons (September and October) (Chen and Chen 2003) . In the present study, elevated precipitation during the late LIA is thought to have been caused by increased typhoon events. The comparison of four Taiwanese subalpine lakes shows that changes in DI-pH exhibit similar patterns to shifts in solar irradiance during the N ranges of C3, C4, rock and soil were determined according to the method described by Kao and Liu (2000) late LIA (Bard et al. 2000) . The increased solar irradiance is associated with changes in the summer monsoon intensity, i.e. more or stronger typhoon events in the past (Wan et al. 2011) . The study of runoff from the watershed in Yuanyang Lake shows that erosion is strongly correlated with precipitation . Thus, we infer that increased acidity of lake water is related to high soil erosion as a result of elevated monsoon precipitation, which in turn is related to the intensity of solar irradiance.
Conclusions
This paleolimnological study presented evidence for elevated precipitation during the late LIA in northeastern Taiwan. The increased acidity of lake water, erosion and consequent soil input at TFL between AD 1640 and AD 1920 are attributed to an increase in precipitation that was correlated with intense solar irradiance. Anthropogenic lake acidification, a consequence of acid rain, occurred synchronously across Taiwanese alpine lakes beginning in the early 1900s. In addition, deforestation caused elevated runoff from the TFL watershed and contributed to acidification. Our results provide evidence of shifts in monsoon climate across northeastern Taiwan during the LIA.
